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Abstract
In an attempt to develop an advanced thin
film solar cell high-conductive grade polyaniline
(PANI) and poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) was dip-
coated onto pulsed laser deposited (PLD)
cadmium sulfide (CdS)/cadmium telluride (CdTe)
semiconductor substrates. In previous studies, we
have determined that applying these particular
polymers and compounds on indium tin oxide
(ITO) coated glass improves the photovoltaic
conversion efficiency due to a reduction of the
Schottky barrier resistance. In this study, we
focus on optimizing the application of PANI and
PEDOT:PSS by experimenting with dip-coating
procedures and the solutions from which they are
applied. An additional treatment of cadmium
chloride that is traditionally highly regarded
for increasing photovoltaic efficiencies was also
applied to the surface of each cell. The thin
films were characterized by scanning electron
microscopy (SEM), energy dispersive x-ray
spectroscopy (EDX), and ellipsometry techniques
to verify and evaluate the successful applica-
tion of their constituent materials. Electrical
conductivity tests were also performed using a
Keithley SourceMeter to determine photovoltaic
efficiencies. Synthesis techniques, as well as
structure, characterization, and efficiency results
are discussed. It is also worth noting that the pri-
mary objective of this research was to produce the
highest increase in solar cell efficiency possible,
and not necessarily a solar cell with an impressive
efficiency in of itself. Future research will involve
additional SEM and EDX analysis to optimize
the layers of each cell and help determine the
homogeneity and elemental consistency of the
polymer surface.
1. Introduction
The ever-increasing importance of solar en-
ergy in today’s green initiative creates an im-
mense demand for the continual improvement of
photovoltaic technologies, particularly thin film
solar cells. Over the last decade, the renew-
able energy sector has shown its potential to act
as a substitute for traditional coal, natural gas,
and petroleum sources. Photovoltaics alone have
shown immense improvements in their material
compositions which has since resulted in the re-
duction of their costs to just one-quarter what they
were in 2010 [1]. In addition to declining prices,
solar technologies have experienced an immense
seven percent consumer growth improvement over
that same period, an increase that is more than
five times that every other renewable energy com-
bined, as seen in Figure 1 [2]. Though pho-
tovoltaic efficiencies have increased significantly
since the beginning of the century they do not op-
erate near optimal conditions; even the most ca-
pable technologies only report a mere 46.0% of
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their 68.2% theoretical values [3, 4]. Because of
this, both prices and consumption rates will ulti-
mately plateau if technological developments are
not continually made. One study has even con-
cluded that efficiency increases are directly pro-
portional to price decreases [5]. All this being
said, the photovoltaic field has reached a tipping
point in which its expenses, demand, and efficien-
cies are primed to further the sector’s advance-
ment, but require a catalyst to do so. It is here
that newer solar technologies are tasked with the
responsibility of furthering the market’s progress
through the experimental testing of new methods
of photovoltaic synthesis. Particular attention has
been drawn to CdTe solar cells, a material that
is widely considered one of the most promising
thin film semiconductors, particularly when paired
with CdS. Seeing a potential for significant scien-
tific contribution, the Advanced Materials Synthe-
sis and Characterization Laboratory at Seton Hall
University has experimented with CdS/CdTe sub-
strates in conjunction with high-conductive PANI
and PEDOT:PSS back contacts.
Figure 1. Solar market growth since 2010.
The application of n-type Cds and p-type CdTe
onto an ITO conductive substrate creates a p-n
junction between them in which current can flow
freely in one direction but not in the other, effec-
tively forming a diode. Free electrons within the
CdS layer and free holes within the CdTe layer
begin to pair at the junction and create a mag-
netic field over the depletion region with charges
opposite those present within the semiconductors.
During the photoelectric effect, photons strike the
junction and eject electrons that generate a current
from the positively charged CdTe to the negatively
charged CdS. However, only photons with ener-
gies greater than that of the bandgaps of 1.49 eV
and 2.42 eV for CdS and CdTe, respectively, will
release valence electrons and ultimately contribute
to their movement to the conduction band [6].
Traditional solar cells with metal back contacts
used to complete their circuit only make it more
challenging for an electron to travel across the
bandgap due to the resistance present in the resul-
tant Schottky barrier created at the semiconductor-
metal junction [7]. Polymers like PANI and PE-
DOT:PSS serve as efficient back contact substi-
tutes for these metals because of their organic na-
ture, ease of application, lack of barrier resistance,
high conductivity, and impressive work functions
of approximately 5 eV each [6, 8].
2. Methods
To synthesize the glass/ITO/CdS/CdTe foun-
dation of every cell, metals basis CdS and CdTe
(Alfa Aesar, 99.999%) were separately ground to
fine powders and hydraulically pressed under an
applied load of 10,000 kg for 30 min into cylin-
drical targets 0.3175 cm high and 2.54 cm in di-
ameter. Each target was then baked for 60 min
at 350◦C. Prefabricated square small 1.0 cm and
large 2.54 cm glass/ITO substrates with a con-
ductive thickness of 180 nm and sheet resistances
of 9-15 Ω/sq and 8-10 Ω/sq, respectively (MTI
Corporation) were prepared for CdS/CdTe appli-
cation. Using a 248 nm ultraviolet krypton fluo-
ride excimer laser (TuiLaser) beams of ultravio-
let light were focused onto the targets at the con-
ditions listed in Table 1 to form a plasma plume
that thinly deposits the CdS and CdTe onto the
glass/ITO substrates. Following the pulsed laser
deposition, thickness measurements were taken on
the newly applied CdS and CdTe layers using an
LSE Stokes ellipsometer, the values of which were
recorded for later analysis.
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Table 1. Pulsed laser deposition parameters.
In many studies treating thin film solar cells
with cadmium chloride (CdCl2) has been shown
to significantly improve their efficiencies by ap-
proximately an entire order of magnitude [9]. In
an effort to achieve similar results, a solution of
anhydrous methyl alcohol (Macron Fine Chemi-
cals) and anhydrous CdCl2 (Alfa Aesar, 94%) was
evaporated onto the CdTe surface for 15 min [6].
When CdCl2 makes contact with CdTe the latter
vaporizes and recrystallizes to improve its packing
density, of which the chemical process is shown in
Formula 1 [10]. Following the treatment, the so-
lar cell was immersed in aqueous ammonium sul-
fide ((NH4)2S) (Alfa Aesar, 40-44% w/w) for 30
s, rinsed with distilled water, and baked at 400◦C
for 10 min [7]. The chemical composition of the
CdCl2 and (NH4)2S allow for the creation of CdS,
as demonstrated in Formula 2. Since the PLD
technique is not guaranteed to create absolute uni-
form layers, the addition of new small particles
of cadmium to the surface of the cell closes any
pinholes and reduces CdS/CdTe lattice irregulari-
ties, helping prevent the cell from short-circuiting
[6]. Following the CdCl2 treatment, additional el-
lipsometer measurements were taken on the new
layer which were again recorded for later analy-
sis.
2Cd (g)+Cl2 (g)+Te (g)→ CdCl2 (s)+CdTe (s)
(1)
CdCl2 (s)+ (NH4)2S (aq)→ CdS (s)+2NH4Cl (s)
(2)
To form the back contact polymer layer, PANI,
a neutral pH PEDOT:PSS (named PEDOT:PSS
PH), and a surfactant-free PEDOT:PSS (named
PEDOT:PSS SF) were mixed with various sol-
vents to determine the solution with the best solu-
bility. The powder emeraldine salt PANI (Sigma-
Aldrich, 3-100 m) was mixed with dimethyl
sulfoxide (DMSO) (Sigma-Aldrich, ≥99.7%)
and anhydrous 1-Methyl-2-pyrrolidinone (NMP)
(Sigma-Aldrich, 99.5%) in an effort to increase
its base conductivity of 4 S/cm. The high-
conductivity grade aqueous PEDOT:PSS PH and
SF (Sigma-Aldrich, 1.1%) were mixed with
ethanol (KOPTEC, 95%), ethylene glycol (EG)
(Alfa Aesar, 99%), and DMSO again to increase
their base conductivities of <1 S/cm as well [11].
Though the PANI was acquired as a readily in-
fusible material, the aqueous PEDOT:PSS types
had to be baked at 100◦C for 1 hour in order to
evaporate excess H2O. After the PEDOT:PSS was
isolated it was ground into fine particles and mixed
with the appropriate materials. These particular
solutions have been shown to increase polymer
conductivity while simultaneously acting as ef-
fective solvents, with some studies reporting EG
increases PEDOT:PSS conductivity by over 100
times, and DMSO by up to 1000 times [11, 12,
13, 14]. After 24 hours on a shaker with light heat,
PANI showed the best results in NMP and the PE-
DOT:PSS types did similarly in DMSO. To also
determine their ideal concentrations, 5, 10, and 15
mg/mL polymer solutions were made out of the
top performing solvents [12]. After an additional
24 hour shake with heat, all three of the 15 mg/mL
solutions showed the best-dissolved polymers and
the smallest remaining particle sizes. Those three
mixtures—15 mg/mL PANI in NMP, 15 mg/mL
PEDOT:PSS PH in DMSO, and 15 mg/mL PE-
DOT:PSS SF in DMSO—were used throughout
the remainder of the research. The structural for-
mulas of those solutions are shown below in Fig-
ure 2.
To apply the polymers to the back contact of
the cells, four of the small glass/ITO/CdS/CdTe
samples numbered 922-925 were used to test the
dipping speeds of 0.635, 1.27, 2.54, and 5.08
cm/min in a TL0.01 Dip Coater and their effects
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Figure 2. Chemical structure of polymer and sol-
vent molecules.
on the resultant polymer characteristics. Sam-
ple 922 was dipped at 2.54 cm/min, 923 at 5.08
cm/min, 924 at 1.27 cm/min, and 925 at 0.635
cm/min. The dip-coating process involves com-
pletely immersing the cell within the desired so-
lution and gradually removing it until the bottom
surface of the sample breaks the plane of the top
of the liquid. In the case of slower dips, cohesive
forces between the molecules within the solution
overpower the adhesive forces between it and the
substrate, pulling more of the polymer off the cell
back into the solution, resulting in a thinner back
contact. Conversely, during faster dips the cell is
removed too quickly for the cohesive forces to pull
the polymer from its adhesion to the surface of the
substrate, leaving a thicker back contact. The re-
sultant surface is best described as a gel, having
both the liquid properties of DMSO or NMP and
the solid properties of the polymer chain network.
Immediately following each dip the samples are
baked at 75◦C for 15 min to assist in the solidifi-
cation of the back contact. The particular results
of this procedure are documented in the upcom-
ing sections, but the overall data showed that dip-
ping at a rate of 1 in/min gave the best thickness
measurements while preserving the overall unifor-
mity of the polymer surface. Scaling this process
up to the larger samples numbered 939 for PANI,
940 for PEDOT:PSS PH, and 941 for PEDOT:PSS
SF showed similar results, a promising observa-
tion. The final set of ellipsometer measurements
were taken on the polymer layers and were again
recorded for later analysis.
An additional set of small samples numbered
935 for PANI, 936 for PEDOT:PSS PH, and 937
for PEDOT:PSS SF were submitted to visual anal-
ysis and chemical characterization using an SEM
and EDX to verify the presence of the polymer
back contact and its morphology. The images and
elemental compositions of those results are dis-
cussed in the next sections. An additional 2.54
cm sample numbered 902 without a polymer to
be used as the control and the large samples num-
bered 939-941 were submitted to electrical effi-
ciency tests using a Keithley SourceMeter and a
SoLux Solar Simulator light. These cells were
wired at each corner as shown below in Figure 3.
Flash-dry silver conductive paint (SPI Supplies)
was used to make a small circular contact from
which the solar cells were connected to the volt-
age source. The results of these efficiency tests
and their current-voltage (I-V) plots are also dis-
cussed in the upcoming sections.
Figure 3. Layered cross-section of polymer (left)
and control (right) cells.
3. Results
Perhaps the only thing more important than
obtaining improved results in the sciences is that
they are well founded. In order to verify that
the ultimate solar cell efficiency results of this re-
search are not obtained by chance, it is important
to consider the many variables of thin film synthe-
sis. Therefore, it is crucial that the ellipsometry,
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SEM, and EDX results show only small variances
so that the Keithley SourceMeter efficiencies can
be considered independently strong results.
Ellipsometry measurements were taken at
three different locations named points L, C, and
R on each sample as illustrated below in to-scale
Figure 4. The thickness of the small cells are
displayed in Table 2, and the large cells in Ta-
ble 3. Ideal measurements for each layer are ap-
proximately 200 nm of CdS, 1200 nm of CdTe,
minimal amounts of CdCl2, and 50 nm of poly-
mer [6, 15]. Some studies suggest the optimal
layer of a polymer back contact may even be as
high as 70 nm [16]. The small sample data re-
ports an average thickness of 196.35 nm of CdS,
1232.75 nm of CdTe, 22.54 nm of CdCl2, and
14.5 nm of polymer with standard deviations of
0.23 nm, 0.21 nm, 0.66 nm, and 6.8 nm, respec-
tively. Given their incredibly minute deviations,
the CdS/CdTe deposited and CdCl2 treated layers
of this cell can be considered virtually identical
and ideal for coating in a polymer. The large sam-
ple data reports an average thickness of 194.03 nm
of CdS, 1216.41 nm of CdTe, 14.66 nm of CdCl2,
and 18.3 nm of polymer with standard deviations
of 8.12 nm, 41.37 nm, 1.37 nm, and 9.5 nm, re-
spectively. It is also worth noting that the averages
of control cell 902 are slightly different from that
of the polymer-coated cells. The control reported
an average of 179.99 nm of CdS, 1144.76 nm of
CdTe, and 15.29 nm of CdCl2, while the others
averaged at 198.71 nm of CdS, 1240.29 nm of
CdTe, and 14.45 nm of CdCl2. Despite the seem-
ingly large variation in these averages they only
result in 9.9%, 8.0%, and 5.7% respective differ-
ences, which are somewhat high but nonetheless
acceptable given the extent of the chaotic and un-
predictable structure of each material after their
deposition.
The surfaces of samples 935-937 were exam-
ined under an SEM and the images of their sur-
faces and cross-sections were acquired and la-
beled A and B, respectively. Figure 5 images dis-
play the PANI cell, Figure 6 images display the
Figure 4. Ellipsometer positioning and corre-
sponding sample testing numbers.
Table 2. 1.0 cm sample ellipsometer results.
Table 3. 2.54 cm sample ellipsometer results.
PEDOT:PSS PH cell, and Figure 7 images dis-
play the PEDOT:PSS SF cell. During the PANI
in NMP and PEDOT:PSS in DMSO dissolving
process the polymers tend to form long chains
while the solvent molecules attach at sites with
free electrons. During the dipping procedure, the
polymer and solvent gel assumes a fluid appear-
ance, and after they are dried the polymers main-
tain their loosely structured network, which makes
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them to a certain degree be visible in an electron
beam generated image. Figure 5A shows a rela-
tively uniform PANI surface with two CdCl2 sites
in the foreground, measuring approximately 2 m
and 1 m across at their furthest points. In addi-
tion to verifying the success of the CdCl2 treat-
ment, the image shows that the PANI chains are
either extremely dense to the point where their
background is indistinguishable, or so scarce that
they are hardly visible. Figure 5B displays a rather
rough cross-section in comparison to its surface
counterpart. As elaborated on in the upcoming
EDX results the surface was confirmed to be PANI
and not CdCl2, which forces the consideration to
be made as to why it appears so irregular. Since
the SEM image captures a portion of the thickness
of the cell as well as the back contact and since the
PANI-NMP solution has an extremely low viscos-
ity, it is probable that some PANI residue was left
on the cross-section of the cell after drying. As a
result, not only was the polymer coated onto the
back contact but over the cross-section of the cell
as well. Rough glass edges and directly opposing
gravitational forces during drying are more than
likely responsible for the surface abnormalities.
Figure 6A shows a rather obscure surface im-
age of the PEDOT:PSS PH surface. Small appli-
cations of CdCl2 are visible in several locations on
the sample in addition to one larger area in the bot-
tom right corner approximately 1 µm in diameter.
The remainder of the image is both gray and black
which suggests that the polymer forms a multi-
dimensional surface on the back contact of the
cell. Figure 6B displays a photograph very sim-
ilar to that of the previous with layered polymer
coatings and irregular surfaces. On the back of
the cell and observable on the right side of the im-
age there are isolated segments of excess polymer
which are likely a result of minute oscillations in
the pulley during the dip-coating process. Thick-
ness inhomogeneity of the back contact is theoret-
ically more common when using viscous solutions
much like the PEDOT:PSS-DMSO mixture due to
the fact that they can encounter complications dur-
ing the drying process.
Figure 7A shows the most comprehensive
back contact surface image with the PEDOT:PSS
SF. Two patches of CdCl2 can be seen, one of them
measuring only a mere 0.1 µm. At a magnifica-
tion of 8000x, though the molecules themselves
are certainly not visible the general shapes from
the networks they form are. In the image the dried
polymer chain creates an effect with the solidified
gel that is clearly visible, demonstrating a three-
dimensional network effect in which the gray ar-
eas take up the foreground and darker layers con-
stitute the background. Figure 7A suggests this
sample may have the most effective back contact
due to its continuous surface and visibly success-
ful CdCl2 treatment. Its counterpart Figure 7B
shows a rather smooth polymer surface, as seen
on the right side of the cell. Slight discolorations
between light and dark gray in the midsection of
the width of the sample suggest that some of the
PEDOT:PSS SF was present on the cross-section,
which again is a less than ideal result. Like the
image prior, smooth transitions between sample
characteristics like color and topography suggest
the corresponding large cell sample will show an
improved efficiency. It should also be noted that
the black arc on the left side of the image is not
a crack in the sample but rather a zone of insuffi-
cient electron scattering, which can result in a dim
capture.
An Oxford Inca x-Sight EDX was utilized in
conjunction with the SEM to elementally char-
acterize each of the images taken above. Since
PANI and PEDOT:PSS are organic, the chemical
structure of the back contacts of each solar cell
should be primarily composed of carbon atoms
with additional traces of hydrogen, oxygen, and
nitrogen. Various points on the surface of sam-
ples 935-937 were tested and the results from each
are displayed in Figure 8. Despite the uncertain-
ties in the contents of its surface under the elec-
tron microscope as previously stated, the PANI
cell shows clear organic results with nearly of its
mass made of carbon and the remaining portion of
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oxygen. The PEDOT:PSS SF sample also reports
similar findings, but with approximately 10% less
carbon and an equivalent replacement of oxy-
gen. These results are consistent with the chem-
ical structure of those respective molecules, since
the PANI network alone consists of approximately
80% molecular carbon weight, and the remaining
oxygen content is accounted for with the addition
of bonded and dried NMP. The PEDOT:PSS SF is
no exception, with about 55% of its weight made
of carbon—a value almost precisely that found by
the EDX—and other large contributions of oxygen
from the PEDOT chain, the PSS oligomer, and the
solvent DMSO. While the PEDOT:PSS network
does contain sulfur atoms in its heterocycles, the
dissolving and dip-coating process should elimi-
nate them from the final constituents of the back
contact. This considered, the PEDOT:PSS PH re-
sults from the EDX clearly show that there are
inconsistencies in the polymer layer, just as visu-
ally observed with the SEM. Nearly 15% of the
molecular weight of the sampled area tested to
be inorganic which strongly suggests that there
were some complications during the dip-coating
process, or that the CdCl2 treatment induced too
much sulfur molecule migration to the back con-
tact, making them detectable by the EDX [10].
Figure 8. Energy dispersive x-ray spectroscopy of
polymer samples.
Lastly, the efficiencies and I-V curves of
the full-size samples numbered 902 and 939-941
were calculated and plotted using the Keithley
SourceMeter and 100 mW/cm2 SoLux Solar Sim-
ulator. Solar cell efficiency is calculated using the
equation shown in Formula 3, where VOC is the
open circuit voltage, ISC is the short circuit cur-
rent, FF is the fill factor, PIN is the input power,
and η is the efficiency. The fill factor is the ra-
tio of the optimized rectangular area beneath the
I-V curve relative to that of a perfect cell, or for
simplicity, the equivalent of the product of VOC
and ISC, the x- and y-intercepts. To be thorough
this breaks down into the equation listed as For-
mula 4, where VMAX is the maximized voltage and
IMAX is the maximized current. Canceling iden-
tical terms and simplifying the product of IMAX
and VMAX into PMAX , the maximized power, leaves
Formula 5 as expected. This being said, it is clear
that the greater the fill factor of a cell is, the more
likely it is to be of an improved efficiency. Other
variables to consider include RSH , the shunt resis-
tance, and RS, the series resistance. The former is
the inverse of the slope of the curve at V = 0, and
the latter is the inverse of the slope of the curve at
I = 0. Larger RSH values paired with smaller RS
values will lead to greater fill factors and greater
efficiencies.
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η =
VOCISCFF
PIN
×100% (3)
η =
VOCISC
PIN
· VMAX IMAX
VOCISC
×100% (4)
η =
PMAX
PIN
×100% (5)
The results of the polymer back contact cells
are plotted below in Figure 9, at which point it
should be noted that the efficiency of the con-
trol cell was calculated to be 9.71x10−8%. The
PANI sample shows a weak curve and an effi-
ciency of 1.16x10−4%, while the PEDOT:PSS PH
and SF report stronger efficiencies of 4.56x10−4%
and 4.51x10−4%, respectively. Ultimately these
results show that the PANI contact improved the
efficiency by nearly 1200 times, and the PE-
DOT:PSS types improved it by over 4600 times.
Since the efficiencies of PEDOT:PSS PH and PE-
DOT:PSS SF are nearly identical, their curves al-
most entirely overlap. Small portions of the PE-
DOT:PSS PH curve are visible in orange from be-
neath the gray curve of PEDOT:PSS SF. Though
the efficiency values themselves are important, the
primary concern with this research was to ver-
ify whether or not organic back contacts would
show any improvement, to which they did tremen-
dously. These results and those before it are fur-
ther elaborated upon in the upcoming section.
Figure 9. Keithley SourceMeter efficiencies of poly-
mer samples.
4. Discussion
The results of this research can be divided
into preliminary and secondary findings. Though
data retrieved from the conductivity tests, the
efficiency results of each cell, and whether or
not certain polymers outperformed others are the
stated objectives of this study, it is important
that an analysis and consequential dialogue is
given to the additional aspects of these experi-
ments in order to promote the success of future
research. Specifically, consideration—and to a
certain extent, criticism—should be given to de-
position techniques, the CdCl2 treatment, dip-
coating procedure, and ellipsometer, SEM, EDX,
and SourceMeter characterizations.
The primary function of the PLD process is to
regulate the thickness of the CdS and CdTe layers
by varying the conditions listed in Table 1, partic-
ularly the duration and frequency variables. The
faster the laser pulses and the longer it runs the
thicker the deposited layer will be. Again, the tar-
get thicknesses for CdS and CdTe were 200 nm
and 1200 nm, respectively, while the acquired ITO
substrate measured 180 nm. Many studies have
been performed on the effect thin film p-n junction
semiconductor thicknesses have on the ultimate
efficiency of the cell, with one in particular iden-
tifying the optimal values of ITO/CdS/CdTe lay-
ers. It was concluded that the ideal thicknesses of
the ITO and CdS were 100 nm each, while CdTe
layers above 5000 nm trapped approximately 90%
of incident photons and 15000-20000 nm trapped
≥99%, a value that inherently increases efficiency
[18]. Though our experimental values are close to
the optimal ones, they are certainly not the same.
Instead, our specific thickness parameters are used
in order to remain consistent with solar cells that
the laboratory has synthesized in the past, in addi-
tion to the fact that they have been deemed suffi-
ciently operative. This allows for a more precise
determination as to whether or not newly synthe-
sized cells are more or less efficient than their pre-
decessors.
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Out of every synthesis procedure, the CdCl2
treatment is by far the most irregular due to the
fact that evaporated materials are particularly dif-
ficult to control. It is not uncommon to have a thin
film surface that is visibly more densely coated
in CdCl2 in some regions more than others. The
duration, concentration, and chemicals themselves
involved in the treatment work very well and are
even backed by several similar publications [6, 7,
9, 10]. However, CdCl2 can also be applied via
close space sublimation, electrodeposition, screen
printing, and sputtering. These processes will
likely be considered for and incorporated into fu-
ture research to determine which is most effective
at increasing conductivity in organic polymer thin
films. Even stronger consideration will be given
to improving the existing technique by performing
the treatment under vacuum to reduce irregulari-
ties in particle movement in an attempt to apply a
more homogeneous CdCl2 layer.
The PANI-NMP and PEDOT:PSS-DMSO so-
lutions were tested in 5, 10, and 15 mg/mL con-
centrations, and it was determined that the lat-
ter contained the most uniform and dissolved
particles. As a result, they were utilized for
the back contact dip-coating procedure. These
values are by no means optimal, however, and
merely demonstrate that the ideal solutions con-
sist of more polymer chains and fewer solvent
molecules. Extensive research has been per-
formed on both PANI and PEDOT:PSS to iden-
tify chemicals that simultaneously dissolve and in-
crease polymer conductivity. Several studies have
reported that the optimal concentration for DMSO
in particular is approximately 2% v/v, while others
have reported values up to 10% v/v [12, 13, 14].
Additionally, research with PANI has shown that
every polymer concentration increase also results
in efficiency increases [19]. These findings are
consistent with our own, which of course directly
impact those of the dip-coating procedure and the
back contact thicknesses. In order to achieve the
previously mentioned optimal thickness of 50 nm,
future attempts will be made to reduce the time
between coating and drying in order to preserve
thickness and avoid polymer runoff.
Ellipsometry results showed relatively uni-
form CdS and CdTe surfaces, while some irreg-
ularities were evidently present in the CdCl2 and
polymer layers, the reasons for which were men-
tioned previously. When considering all mea-
sured samples, the average thicknesses for CdS
was 195.19 nm, a 2.44% difference from the tar-
geted value and 64.49% from the reported 100 nm
optimal value. The average for CdTe was 1224.58
nm, 2.03% from the targeted value, 121.31% from
the 5000 nm 90% photon trapping value, and
169.81% from the 15000 nm ≥99% photon trap-
ping value. The average for all polymer layers was
14.08 nm, 112.07% from the 50 nm optimal value.
Because the objective of this research is to iden-
tify and implement areas of thin film improvement
rather than exclusively synthesize the most supe-
riorly efficient cell, future research will likely in-
clude the utilization of atomic force microscopy
(AFM) to obtain topographic data of the cell lay-
ers, particularly the polymer back contact. This
technology will assist in the further optimization
of dip-coating procedures by locating areas of un-
even thicknesses and potential polymer absences.
Continued use of SEM and EDX techniques
will be employed to verify the success of each de-
position and dip-coat while simultaneously iden-
tifying the materials present on the sample. At-
tempts will be made as previously mentioned to
improve these particular procedures in order to ob-
tain a homogeneous layer at every junction, par-
ticularly the back contacts as seen in Figures 5-
7. Ideal images would look very much like those
of the PEDOT:PSS SF cell, with visible poly-
mer chains, CdCl2 sites on the surface, and a
nearly uniform surface on the right side—the back
contact—of the cross-section. Optimal EDX re-
sults would show that the back contacts consist ex-
clusively of carbon and oxygen without the pres-
ence of sulfur or other impurities.
The conductivity results showed that the
most efficient polymer back contact was the
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PEDOT:PSS PH at 4.56x10−4%, followed by
PEDOT:PSS SF at 4.51x10−4%, and PANI at
1.16x10−4%. The control displayed an efficiency
of 9.71x10−8%, making the PEDOT:PSS types
4600x and the PANI nearly 1200x more efficient
than the control. The experimental curiosity of the
difference between the neutral, surfactant inclu-
sive PEDOT:PSS PH and the acidic, surfactant-
free PEDOT:PSS SF showed no variance. Both
PEDOT:PSS types were calculated to have virtu-
ally identical efficiencies with a difference of just
1.1%, which shows that the acidity and presence
of a surfactant had no impact on solar cell effi-
ciency. These conclusions are generally concur-
rent with research performed by other individuals
that show that PANI and PEDOT:PSS have an im-
mense potential to increase solar cell efficiency by
acting as back contacts in order to eliminate the
Schottky barrier resistance.
5. Conclusion
CdS/CdTe solar cells are widely considered
some of the most promising compounds in photo-
voltaic technology. The overall cost-effectiveness
and versatility of these thin films are greatly supe-
rior to their traditional silicon counterparts. This
research shows that dip-coating is an effective
method for depositing conductive polymers on
thin film solar cells. Due to the reduction of the
Schottky barrier resistance, both PANI and PE-
DOT:PSS polymers improved photovoltaic con-
version efficiency with respect to the control sam-
ple, which does not have a conductive polymer on
the surface. Though the efficiency values recorded
are low, the PANI and PEDOT:PSS electrodes pre-
pared by dip-coating procedures were proven to
be very effective. PEDOT:PSS in particular was
shown to be very productive in increasing the thin
film solar cell’s efficiency. In future research,
high-resolution AFM and SEM surface imaging
paired with EDX characterization will help further
control the dip-coating process in order to apply
a more homogeneous and efficient polymer back
contact.
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